Introduction
Formaldehyde is widely used for crosslinking pro teins: e.g. in the leather and photographic industry, in the biological and medical sciences. This crosslinking-reaction however isn't yet fully understood [ 
-5 ] -
The different com pounds present in aqueous form aldehyde solutions are of interest for these reactions, and the structures of the species have been studied by 13C NM R (e.g. [6 , 7] , This paper describes the measurement of form aldehyde solutions with in situ formation of the oligom eric hydrates by using a con tinuous flow through technique.
E xperim ental
Preparation of gelatin solutions and hardening. 600 mg gelatin (inert gelatin from R ousselot, France) were allowed to swell 10 min in 5 ml distilled water, then dissolved at 38 °C with further 3. 
N M R flow-through experim ent
Paraformaldehyde was heated to 170 °C [8] and the generated gaseous formaldehyde transferred with a N 2 stream into 100 ml phosphate buffer solu tion (pH 7.2) containing 5% (v/v) D 20 . A t the same time the solution was circulated by a tubing pump (1 ml/min) through a ,3C NM R flow through cell, which is described elsewhere [9, 10] . A fter an initial period of 5 min, 13C m easurements were conducted in time intervals of three minutes. After one hour the solution contained 5% form aldehyde, as quantita tively determinated with dim edone [ 11] .
N M R measurements
Spectra of 13CH:0 hardened gelatin and the flow through spectra were measured on Bruker WM 400 (100.6 M Hz) NM R spectrometer. U p to 40 K scans with a pulse-repetition-rate (prr) of 0.7 sec were ad ded in the case of the hardening experim ents. The flow-through spectra were accumulated with 512 scans and prr = 0.344 sec. All other measurements were conducted with a Bruker NM R spectrometer W H 90 (22.63 MHz) by accumulating up to 100 K scan at prr = 1 . 8 sec. R eference was the signal of external DSS. For field-frequency-stabilization a co axially centered tube containing D 20 was used in the measurements of formaldehyde solutions.
R esu lts and D iscu ssion
The 13C spectrum of commercial form aldehyde so lution (1), shows a variety of 15 resonances (Fig. 1) 60 ppm can be assigned to -O C H ?-groups and those between 80 and 100 ppm to -O C H 2-groups in differ ent chemical environm ents. Since further assign ments cannot be m ade, a determination of the differ ent species by reference specira is needed. A L'C NM R flow through experim ent as described above shows the rapid formation of a species with peak at 84.7 ppm (Fig. 2) . Because of the quick reac tion between form aldehyde and water this signal can be assigned to the m onom er formaldehyde hydrate C H 2(O H )2 (A ).
During the time interval 9 -1 2 min a second signal occurs at 88.3 ppm which must be assigned to the dimer reaction product (B) of two hydrate molecules: With these results, the NM R spectrum of the com mercial m ethanol-free formaldehyde solution N o 2 can be fully understood (Fig. 3 a) N o 1 (Fig. 3 c) Table I .
A survey o f the detectable species in the aqueous form aldehyde-m ethanol system is given in
The given assignment is confirmed by [6 , 7] , where the observed shift phenom ena are summarized in a system o f increm ents, which correspond to the date in this work within ± 2 ppm.
Trioxan, a possible cyclic trimeric form of form aldehyde with a 13C N M R resonance at 96.2 ppm (from the reference spectrum of the pure compound) is neither formed in the flowthrough experiment nor found in the formalin solution 2. We thus tentatively conclude the absence of this species in the methanol containing formalin solution 1.
Hardening of Gelatin
The spectra of the educts and products of the crosslinking reaction of gelatin with formaldehyde are shown in Fig. 4 ; the strong resonance at 84.6 ± 0 .2 ppm from (A ) is present in the spectrum of the hardened gelatin in comparison to the unhar dened form. The signals of oligomers and hem i acetals are not detectable, they obviously were con sumed by the hardening reaction. One additional sig nal at 51.4 ppm is observed in the spectrum of the hardened gelatin.
To obtain deeper insight into the mechanism of the crosslinking reaction a hardening experiment was 3 ppm)  h o -c h 2o -c h 2o -c h 2-o h  (88.8 ppm, 91.4 ppm)  h o -c h 2o -c h 2o -c h 2o -c h 2-o .6* ppm, 95.8 ppm, 57.9 ppm)  h o -c h 2o -c h 2o -c h 2o -c h ,  (H ; 88.6* ppm, 91.9* ppm, 96.3 ppm, 58.1* ppm)  H O -c h 2o -c h 2o -c h 2o -c h 2o -c conducted with 13CH20 (Fig. 5) . The 13C NM R spec trum of this formaldehyde solution is shown in Fig. 5 b. Obviously a small quantity of the form aldehyde in this solution has undergone a dispropor tion to methanol (K) and formic acid (168.6 ppm ), so that beside to the m onom er hydrate (A ) and the di meric (B ) their hemiacetals F and G are formed.
In Fig. 5 a and 5d the spectra of unhardened gela tin and of the hardened product are depicted and 
Aging of Hardened Gelatin
A comparison of the spectra of freshly hardened gelatin and of the 11 months old sample shows a difference only in an increase in the intensity of the crosslinking resonance at 51.6 ppm (Q ) on aging (Fig. 6) . This phenom enon can be explained by the expulsion of nascent formaldehyde from oxym ethyl ene bridges, which is then available for further hardening reactions. A decrease of the excessive m onohydrate (A ) is not observed. 
Summary
The different formaldehyde species in aqueous so lution show different reactivity with gelatin. Excess of form aldehyde hydrate remains nearly unchanged, whereas the oligomers and methylhemiacetals react with gelatin. The crosslinking reaction takes place on amino acids and amides in a first step under form a tion o f m ethylols with subsequent condensation to a crosslinked product containing oxym ethylene and m ethylene bridges.
